Inflammation and activation of the acute phase response (APR) are energetically demanding processes that protect against pathogens. Phytohaemagglutinin (PHA) and lipopolysaccharide (LPS) are antigens commonly used to stimulate inflammation and the APR, respectively. We tested the hypothesis that the APR after an LPS challenge was energetically more costly than the inflammatory response after a PHA challenge in the fish-eating Myotis bat (Myotis vivesi). We measured resting metabolic rate (RMR) after bats were administered PHA and LPS. We also measured skin temperature (T skin ) after the LPS challenge and skin swelling after the PHA challenge. Injection of PHA elicited swelling that lasted for several days but changes in RMR and body mass were not significant. LPS injection produced a significant increase in T skin and in RMR, and significant body mass loss. RMR after LPS injection increased by 140-185% and the total cost of the response was 6.50 kJ. Inflammation was an energetically low-cost process but the APR entailed a significant energetic investment. Examination of APR in other bats suggests that the way in which bats deal with infections might not be uniform.
Introduction
Inflammation and the acute phase response (APR) constitute a series of reactions induced by the vertebrate immune system at the beginning of an infection [1, 2] . Inflammation involves recognition of infection, production of cytokines by activated macrophages and the subsequent recruitment and activation of leukocytes to eliminate the infectious agent [3] . The APR is triggered by different stimuli (e.g. trauma, infection, stress, neoplasia, and inflammation) resulting in a complex systemic reaction characterized by the induction of fever, anorexia, somnolence, lethargy, increased synthesis of hormones and leukocytosis, and production of acute phase proteins [4] . Inflammation and activation of the APR are considered energetically demanding processes [5, 6] , and constitute an essential defense against novel pathogens [7] . An increase in energy expenditure to mount an immune response may affect the metabolic rate of an organism [8, 9] thus affecting its energy budget.
Two of the antigens commonly used to stimulate inflammation and the APR are phytohaemagglutinin (PHA) and lipopolysaccharide (LPS), respectively. PHA is a non-pathogenic plant protein and its initial injection induces endothelial permeability, oedema at the site of injection, and infiltration of innate cells and of lymphocytes, the mediators of adaptive immunity [10, 11] . Subsequent injections of PHA produce enhanced inflammation reflecting the induced response of adaptive immunity [12] . LPS is an endotoxin present in most gram-negative bacteria. When injected, LPS stimulates a non-pathogenic, short-lived inflammatory response characterized by the release of proinflammatory cytokines potentially triggering the development of fever, weight loss, and lethargy [13, 14] . Experimental work in homeothermic vertebrates indicates that the effects of PHA and LPS application on metabolic rate are not uniform. For example, PHA administration has been shown to induce large (30%) [15] or small increases in resting metabolic rate (RMR) in some organisms (~5%) [16] , no increases in RMR [17] [18] [19] [20] [21] , and even decreases in RMR in others (-20--25%) [18] . Similarly, the effect of LPS administration on vertebrate RMR varies from large (~33-40%) [22, 23] to small (~10%) [24] [25] [26] or null [27, 28] . In theory, LPS administration should evoke a more metabolically expensive response than PHA because it often induces an increase in body temperature (T b ). Febrile response is thought to increase survival to an immune challenge, but implies a substantial investment of metabolic energy from the host [22] . It has been estimated that a 1°C increase in T b amounts to a 10-15% increase in metabolic rate [29, 30] . However, the above mentioned studies do not permit conclusive comparisons regarding the energetic response elicited by both antigens because most tests involved different species except for house sparrows (Passer domesticus) [15, 18, 23] .
We tested the hypothesis that the APR after an LPS challenge was energetically more costly than the inflammatory response after a PHA challenge in the fish-eating Myotis bat (Myotis vivesi). Bats are natural hosts of a significant number of disease-vectors (e.g. bacteria, protozoa, viruses) [31] [32] [33] [34] . In spite of the importance of the activation of the immune response in the regulation of and defense against disease agents, only some aspects of the inflammatory response have been examined in bats [35] [36] [37] [38] and information on the metabolic cost associated with APR activation is scant. For example, there is evidence that RMR increases and body mass decreases after Pallas' long-tongued nectar bat (Glossophaga soricina) were administered an LPS challenge (Herrera M. and Cruz-Neto, personal communication). This finding is intriguing since LPS administration in Pallas´s mastiff bat (Molossus molossus) elicits loss of body mass but no fever response [38] . We measured RMR before and after PHA and LPS were administered to compare the metabolic costs of the immune response activated by each antigen. We also examined body mass changes to determine if bats lost mass as a result of the administration of PHA and LPS. Finally, we measured T b after the LPS challenge to determine if fever response was present in fish-eating Myotis, and measured skin swelling after the PHA challenge to confirm the development of local inflamatory response.
Materials and Methods

Animal care and housing
Individuals of fish-eating Myotis were captured in Partida Norte Island (28°52'30"N, 113°0 2'17"W) in October 2013 for the PHA challenge and in March 2014 for the LPS challenge.
The island is located in the midriff region of the Gulf of California, Mexico, and it holds the largest known colony of fish-eating Myotis [39] . Individuals were maintained in captivity for one to two weeks before experiments. Bats were first maintained in a tent and in an outdoor flight cage (3.4×2.8×1.8 m) where they were fed with shrimp, salmon and mealworms with water supplied ad libitum. Individuals were identified through a unique pattern of dots on their torso made by shaving small (0.5×0.5 cm) areas of fur. Mean (± s.e.) ambient temperature was 29.3 ± 1.5°C for all experiment days. This study was carried out in strict accordance with the recommendations and permits approved by Secretaría de Gobernación (#013/13) and from Dirección General de Vida Silvestre (01947/13), Mexico. All sampling procedures and experimental manipulations were approved as part of obtaining this permit. No other approval was required to conduct the study as there is no IACUC/animal ethics board at our institution.
PHA and LPS injection procedure PHA injection procedure. Bats (5 males, 5 females) were placed in individual respirometry chambers for 2-4 hours during two days before the initiation of data collection to acclimate them to the surroundings and to pump noise. Chambers consisted of 500 ml horizontally oriented plastic cylinders. Unlike most bats, fish-eating Myotis roost in cavities and crevices between and under rocks, typically adopting a horizontal orientation. Thus, the orientation of chambers used during this study permitted a natural roosting posture. Both the inlet and outlet ports entered through the chamber lid and a length of Pharmed tubing was attached to the outlet port, promoting gas mixing. Bats were loosely wrapped in a paper towel while inside the chambers. This provided a comfortable substrate on which the bats rested and helped to prevent the bat from blocking the outlet port tubing. We collected data during four days after the acclimation period. In the second day of data collection we randomly assigned bats to receive an injection of 50 μL of a 3 mg mL ) was selected based on previous trials that induced an inflammatory response in the study bat. Bats were injected PHA and PBS on the right and left foot, respectively, between 8:00 and 9:40 hours. Prior to injection, the skin surrounding the injection site was sterilized with ethanol. Individuals acted as their own controls and were injected seven days later with the same amount of either PHA or PBS following the same protocol. PHA induces skin swelling in the place of injection, hence, we measured the thickness of the injected footpad using a digital micrometer (Mitutuyo #0030447, Japan) immediately before injection and six hours after injection during all days that we obtained respirometry measurements (see below). All measurements were made three times per bat and averaged (S1 File). The standard error of individual measurements ranged from ±0.05 to ±0.17 mm. To determine if the PHA challenge induced body mass reduction, we measured body mass at the beginning and end of trials one day prior to and three days after injection of PHA and PBS (S1 File).
LPS injection procedure. Individuals for the LPS challenge were different than those used for the PHA challenge. Seven bats (3 males, 4 females) were acclimated to the respirometry procedures as described above during one day before data collection. We collected data beginning two days after the acclimation period. In the second day of data collection we randomly assigned bats to receive an injection of either 50 μL of a 1 mg mL -1 solution of LPS (L2630, Sigma, Saint-Louis, MO, USA) in PBS or PBS only. The LPS dose (1.75 ± 0.06 mg LPS kg -1 )
was similar to the dose used for a bat of similar size to our study species (~2 mg kg -1 ) [37] . Bats were injected subdermally in the back between 7:00 and 8:10 hours. Prior to injection, the skin surrounding the injection site was sterilized with ethanol. Individuals acted as their own controls and were injected seven days later with LPS or PBS following the same protocol. LPS typically produces a pyrogenic (fever-inducing) response; therefore, we measured bat skin temperature (S1 File) using temperature-sensitive radiotransmitters (BD-2CT, Holohil Systems, Ontario, Canada) attached dorsally between the scapulae. Measurement of skin temperature (T skin ) is considered a good estimator of T b in bats [40] . Increases in the number of pulses emitted by radiotransmitters is indicative of increase in T skin where pulses interval range from~24-25 pulses per minute (0°C) to~36-38 pulses per minute (40°C). We used R-1000 receivers (Communication Specialists Inc, Orange, CA, USA) to record the number of pulses emitted by the radiotransmitters every two hours during the whole experiment. We used calibration curves provided by the manufacturer for each radiotransmitter to convert pulses into T skin . Trusting manufacture´s calibration might lead to errors in T skin ranging from 0.1 to 1.7°C, but any error is expected to be < 0.5°C in the first nine days of operation [39] . We found a mean difference (mean ± s.e.) of 0.2 ± 0.1°C (n = 35) between water temperatures reconstructed with radio-transmitters and with a thermometer. Bat T skin detected by radio-transmitters might be slightly affected by changes in ambient temperature, particularly when ambient temperature is low [41] . Therefore, we recorded the temperature in the metabolic chambers during the experiment. Additionally, to determine if LPS challenge induced body mass reduction, we measured body mass at the beginning and end of the trials in the first day of the experiment, and 1 hour prior and 11 hours after PBS or LPS injection in the second day.
Respirometry and experimental design
We determined RMR by measuring O 2 consumption (V O2 ) using flow-through respirometry during the resting phase of bats (S1 File). In both experiments, we measured O 2 consumption one day before (Day -1) and the day of the immune stimulation with PHA or LPS injection (Day 0). To measure V O2 rates, external air entered into three metabolic chambers (each containing one bat) and one baseline chamber. Excurrent air from chambers was sequentially delivered to flow-through precision water vapour and O 2 gas analyzers (Field Metabolic System, Sable Systems International, Las Vegas, NV, USA). Air was scrubbed of water vapour by passage through a column of Drierite (W.A. Hammond DRIERITE, Xenia, OH, USA) after passing through the water vapour meter and before the O 2 analyzer. Flow of air entering in each chamber and the baseline was set at 400-500 ml min -1 and was maintained by the massflow controller of the FoxBox. In both PHA and LPS experiments, each individual was placed in the chamber one hour before its recordings started and maintained there until the end of the experiment. The day of the injection, bats were placed in the chamber immediately after they were administered PHA, LPS or PBS. In the PHA experiment, we recorded from 9:00 to 16:00 hours each day. Our setup allowed us to record V O2 from six bats per day. Each recording sequence began with measuring V O2 at 1 s interval during 5 minutes from the baseline chamber, followed by 15 minutes from metabolic chamber containing a bat and then another 5 minutes of baseline. By the end of the trial, we had acquired 15-minute recordings per bat corresponding to hours -23, -21, -18, 1, 3, 6, 25, 27, 30, 49, 51 and 54 in relation to PHA or PBS injection. For LPS experiment, we recorded from 8:00 to 19:40 hours. Each recording sequence began with measuring V O2 at 1 s interval during 5 minutes of baseline chamber air, followed by 30 minutes from metabolic chamber containing a bat and then another 5 minutes of baseline. By the end of the trial, we had acquired 30 minute recordings per bat corresponding to hours -21, -18, -15, -13, 1, 3, 5, 7, 9 and 11 in relation to LPS or PBS injection.
For the two experiments the outputs from the flow rates, temperature, and oxygen analyzer were digitized using a Universal Interface II (Sable Systems, Las Vegas, NV, USA) and recorded on a computer using ExpeData acquisition software (v. 1.7.2, Sable Systems International, Las Vegas, NV, USA). Oxygen concentration was converted to ml of gas by application of standard equations [42] assuming a RER of 0.77, which was the mean RER observed in fasted fish-eating Myotis examined in a previous study [43] . V O2 at each hour after PHA or LPS injection was calculated as the lowest five-min mean value of instantaneous oxygen consumption. Metabolic rates were expressed as ml O 2 h −1 . When the effect of treatment on RMR was significant, we calculated the net metabolic cost of the injection response by subtracting the final pre-injection control values for V O2 from each post-injection. Control-corrected V O2 values were converted to their oxy-joules equivalents (MR kj in kJ hr -1 ) according to the following equation from [40] and assuming the respiratory exchange ratio (RER ¼ V CO 2 =V O 2 ; where V CO2 is carbon dioxide production rate) was equal to 0.77, which was the average RER value observed in fasted fish-eating Myotis examined in a separate study [43] :
Following this, we fitted a spline function to these corrected post-injection measurements and calculated the area under the curve using the "rollapply" function in the "zoo" package [44] in R (V. 3.1.0) [45] .
Data analysis
We employed 2-way repeated measures analysis of variance (RM-ANOVA) to test the effect of immune challenges on RMR (V O2 ), T skin , chamber temperature, footpad thickness and body mass. For chamber temperature, we compared only the values for the day of LPS and PBS injections. For body mass, we compared the difference between final and initial body mass one day previous to injection and on the day of the injection. The models examined the effect of treatment (LPS or PHA and PBS), time with respect to injection, and the interaction between these two factors. The assumption of sphericity was examined with Mauchly tests and we applied a Greenhouse-Geisser (G-G) correction when it was not met. We only included data from 5 individuals in the RM-ANOVA corresponding to the LPS challenge due to missing RMR values in two individuals in hours -17, -15, -13 and 1 for the LPS injection, and -15 and 3 for the PBS injection. In the case of RMR, we performed additional tests examining mass-specific post-injection values (V O2 /body mass) for the PHA and LPS treatments. We used the mean of body mass values measured at the beginning and end of each trial to estimate massspecific values. When the factors or their interactions were significant, we conducted post-hoc pairwise comparisons using Tukey´s HSD tests. Net metabolic costs of PBS and LPS injection response were compared to 0 using one-sample t tests. All analyses were carried out in Statistica 7 [46] . Values are expressed as mean ± s.e. Statistical significance was considered at p 0.05.
Results
Swelling response after PHA immune challenge
There was no significant difference in footpad thickness before injection of PHA or PBS (injection treatment: (Fig 1) . 27.1 ± 0.3°C) and that recorded 9 hours after injection (PHA: 30.6 ± 0.3°, LPS: 30.1 ± 0.3°). The difference between T skin and the temperature of the chamber was significantly higher after the injection of LPS (4.3 ± 0.5°C) than of PBS (1.8 ± 0.2°C; F 1, 6 = 57.15, p < 0.0001). Although the difference between bat and chamber temperature decreased with time after injection (F 5, 30 = 3.06, p = 0.02), the higher values found for bats on the LPS treatment were independent of the time elapsed after its injection (treatment-time interaction: F 5, 30 = 1.39, p = 0.25). Peak difference between bat and chamber temperatures was higher after the injection of LPS (5.9 ± 0.3°C, minimum-maximum range: 4.6-7.2°C) than of PBS (3.4 ± 0.1°C, 2.9-4.1°C; F 1, 6 = 76.23, p < 0.001).
Heterotermy in the LPS immune challenge
Effects of PHA and LPS immune challenge on body mass
There were no significant difference in body mass change before (F 1, 9 = 0.20, p = 0.65) and after the injection of PBS or PHA (injection treatment: F 1, 9 = 0.26, p = 0.61; time after Fig 3A) . There was no difference in body mass change before the injection of PBS or LPS (F 1, 6 = 1.85, p = 0.22) but bats lost more body mass after the injection of LPS (-2.3 ± 0.2 g) than PBS (-1.4 ± 0.3 g; F 1, 6 = 5.21, p = 0.05; Fig 3B) . Bats lost 7.9 ± 0.01% and 5.2 ± 0.01% of initial body mass after the LPS and the PBS injections, respectively.
Effects of PHA and LPS immune challenge on RMR
For bats on the PHA treatment, there were no significant differences in RMR prior to the injection of PHA or PBS (injection treatment: 
Discussion
We observed contrasting metabolic responses in fish-eating Myotis exposed to PHA and LPS challenges. Injection of PHA elicited swelling of the footpad that lasted for several days but RMR did not increase significantly and body mass loss was similar to that when bats were injected PBS. In contrast, LPS injection produced a significant increase in T skin and in RMR and body mass loss was higher than when bats were injected with PBS.
The caloric cost of PHA challenge has been measured in other vertebrates but doses applied vary. Lack of a significant increase in RMR in fish-eating Myotis after a PHA challenge is similar to what has been found in other mammals. For example, RMR following PHA administration did not increase in white-footed mouse (Peromyscus leucopus, 3.24 mg kg ) [47] suggesting that the inflammatory response is not an energetically costly process. In fact, only two studies have proven that inflammation might elicit a significant metabolic cost: RMR increased to a large extent (~30%) in house sparrow (3.70 mg kg -1 ) [15] and to a moderate extent (~5%) in the great tit (Parus major, 5.71 mg kg -1 ) [18] . Furthermore, heterogeneity of the metabolic response to PHA injection is evidenced by a reported reduction (-20--25%) in RMR in the tree sparrow (Passer montanus) [18] . The contrasting results found in two populations of house sparrow [15, 18] illustrate the difficulty in establishing generalizations regarding the metabolic cost of inflammation. Swelling responses vary seasonally in populations of house sparrows and this variation matches the metabolic responses elicited by studies conducted at different times of the year [18] . This observation might have implications for the interpretation of our findings in fish-eating Myotis because the magnitude of swelling varies seasonally in this species (Otálora-Ardila and Herrera M, personal communication) and in congeners (greater mouse-eared bat M. myotis) [35] . Specifically, swelling after a PHA challenge in free-ranging non-reproductive females of fish-eating Myotis is lower in spring and autumn than in winter and summer (Otálora-Ardila and Herrera M, personal communication). Swelling measurements reported here were obtained in spring and autumn. Thus it remains to be confirmed if the energetic cost of inflammation is persistently inexpensive throughout the year for fish-eating Myotis. The low energetic cost of inflammation might also be related to the bats life history. Bats are long-lived individuals and their investment in innate immunity should be low, as predicted for animals that have a slow-paced life style [48] . Furthermore, fisheating Myotis roost under rocks which might expose them to injuries at a higher rate than bats that roost in caves or trees, and this scenario could have resulted in a low-cost inflammatory process as suggested for subterranean rodents [20] .
The effect of LPS administration on the RMR of fish-eating Myotis was comparatively great: mean RMR after LPS injection increased by 140-185% with respect to mean RMR measured after PBS injection during the period when this measurement differed between both treatments (1, 3 and 5 hours after injection). Although our study is not strictly comparable to previous studies in vertebrates because mass-specific doses differ, this increase in metabolic rate was much higher than in wild and model vertebrates. RMR increased by~33-40% in Pekin ducks (Anas platyrhynchos; 0.1 mg kg -1 ) and house sparrows (5 mg kg -1 ) after an LPS challenge [22, 23] , and the increase was modest (~10%) in lab rats (Rattus norvegicus; 0.05 mg kg -1
) [25] and null in lab mice (Mus musculus; 0.5 mg kg -1 ) [27] . Therefore, with the exception of house sparrows [23] , higher increments of RMR in our study compared to other studies [22, 25, 27] might be the result of our use of a relatively higher LPS dose. The increase in RMR after the LPS injection amounted to an average total increased energy cost of 6.50 kJ, but daily energy requirements have not been measured for fish-eating Myotis, making interpretation of the significance of this additional energy burden more difficult. Initial body mass of fish-eating Myotis during the LPS challenge ranged from 24.5 to 32.0 g and daily energy requirements predicted by a published allometric scaling relationship between DEE and body mass in mammals [Log e FMR (kJ day If we assume a similar energy budget for fish-eating Myotis, the average cost of immune activation after an LPS challenge equates to~9.8-11.8% of its daily energy requirements. The increase in metabolic rate appears to be driven by a parallel increase in body temperature and is reflected in significantly greater decreases in body mass. Mean T skin was 1.4-3.6°C higher after LPS administration than when the bats were injected PBS. When bats were injected PBS, they appear to remain torpid throughout the experiment with T skin values ranging from 29.4 to 31.7°C. In support of this, with the exception of the measurement 1 hour after the injection, average T skin values in these bats were only 1.6-1.9°C greater than the chamber temperature, mirroring the pattern found in torpid fish-eating Myotis under captive conditions [50] . When bats were injected LPS, their mean T skin values ranged from 32.0 to 33.9°C and were 3.6 to 5.3°C higher than chamber temperature, although this difference peaked to~6-8°C in some instances. We hypothesize that these bats were normothermic for most of the post-LPS injection period because their T skin values are similar to the body temperature of captive thermoregulating fish-eating Myotis [50] . Interestingly, the mean T skin change did not parallel the mean increase in RMR 1 hour after LPS injection. This may be attributable to high variance in T skin values observed at this time point due to the unusually low T skin (26.5°C) recorded in one individual that was almost identical to the temperature of its chamber (25.6°C) indicating that it was torpid. In particular, the increase in T skin temperature is different from the lack of change in T b previously reported for Pallas´s mastiff bats challenged with a higher dose of LPS (4.53 mg kg -1 ) [38] . T b in Pallas´s mastiff bats after LPS administration was similar to the T skin recorded in fish-eating Myotis injected with PBS. Interestingly, body mass loss in fish-eating Myotis after 11 hours of LPS administration (~8%) was similar to the loss in Pallas´s mastiff bats and short-tailed fruit bats after 24 hours of being treated treated with LPS (~7-8%) [37, 38] . In contrast to Pallas´s mastiff bats in which thermosensitive tags were implanted subcutaneously to measure T b , our measurements relied on external radiotransmitters that determine T skin . However, we are confident that our T skin measurements are an accurate approximation of T b as previously shown in bats [40] . Furthermore, ambient temperatures did not differ between treatments, indicating that higher T skin values detected after LPS truly reflect changes in bat´s T b . The pattern of T skin values after the PBS injection mirrored the pattern in T skin values the day before the injection indicating that the injection of the saline did not induce changes in T b . In contrast, when the pattern after the LPS injection is compared with the pattern the day before the injection it is clear that an increase in T b occurs associated to the immune challenge. Bats are natural hosts of an important number of disease-vectors [31] [32] [33] [34] but information on the energetic cost of activating defenses against these challenges is scant. For example, grooming is one of the first lines of defenses used by bats against ectoparasites that might carry infectious diseases and this behavior might increase metabolic rate and led to body mass loss if sustained at a high rate [51] . Once infected, bats might resort to initial immune responses via inflammation and/or fever. We found that inflammation is an energetically low-cost process but that fever entails a significant increase in metabolic rate. Studying the metabolic aspects of activating the bat immune system is a promising research area considering the large taxonomical and ecological diversity of this order. For example, the contrasting findings in our study and that with Pallas´s mastiff bats in relation to changes in T b as part of the APR suggests that the way in which bats deal with infections is not uniform.
Supporting Information S1 File. Data for individual bats challenged with PHA or LPS. Body mass and resting metabolic rate is presented for individuals before and after the injection of the antigen (PHA or LPS) and its control (PBS). Foot thickness data is presented for bats challenged with PHA. Skin temperature data is presented for bats challenged with LPS. (CSV)
